The human brain has been shown to exhibit changes in the volume and density of gray matter as a result of training over periods of several weeks or longer. We show that these changes can be induced much faster by using a training method that is claimed to simulate the rapid learning of word meanings by children. Using whole-brain magnetic resonance imaging (MRI) we show that learning newly defined and named subcategories of the universal categories green and blue in a period of 2 h increases the volume of gray matter in V2/3 of the left visual cortex, a region known to mediate color vision. This pattern of findings demonstrates that the anatomical structure of the adult human brain can change very quickly, specifically during the acquisition of new, named categories. Also, prior behavioral and neuroimaging research has shown that differences between languages in the boundaries of named color categories influence the categorical perception of color, as assessed by judgments of relative similarity, by response time in alternative forced-choice tasks, and by visual search. Moreover, further behavioral studies (visual search) and brain imaging studies have suggested strongly that the categorical effect of language on color processing is left-lateralized, i.e., mediated by activity in the left cerebral hemisphere in adults (hence "lateralized Whorfian" effects). The present results appear to provide a structural basis in the brain for the behavioral and neurophysiologically observed indices of these Whorfian effects on color processing.
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neuro-plasticity | brain development | Whorf hypothesis | anatomy R esearch on the adult animal brain has demonstrated experience-induced cortical structural changes and the relevant time scales at the cellular and synaptic level (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . In normal human adults, neuroimaging studies have shown structural plasticity (indexed by gray matter changes) in response to the acquisition of a new skill obtained by training over periods ranging from weeks (12) to years (13) (14) (15) (16) (17) . Although these findings in themselves constitute a challenge to the traditional view that the anatomical structure of the intact adult human cortex cannot be altered, the degree of structural plasticity at this macroscopic level remains unknown.
In this study, we show that learning artificially defined and named subcategories of the universal color names green and blue (18, 19) for 2 h increases the volume of gray matter in V2/3 of the visual cortex. We used an intensive training method to teach subjects (n = 19, females = 10, mean age = 20.1 y) to map new nonsense terms onto newly created color categories (two shades of blue and two shades of green). A similar training procedure was used by Markson and Bloom (20) to simulate the "fastmapping" phenomenon, in which children (and adults) learn new word-object associations after just a few exposures. Four visibly but not lexically distinguishable colors, which we originally designated green 1 (G1), green 2 (G2), blue 1 (B1), and blue 2 (B2) were taught to subjects to exemplify, respectively, four new lexical categories, named with meaningless Mandarin monosyllables: áng, sòng, du an, and k en (21) . Thus, the within-category colors before training became the between-category colors after training, although the colors themselves did not change (Fig. 1) .
Results and Discussion
The training involved five individual sessions (total training time = 1 h 48 min), spread over 3 d and included three activities ("listening," "naming," and "matching") in sessions 1 and 2 and two activities ("naming" and "matching") in sessions 3-5. For the listening task, subjects simply heard each new word while viewing the appropriate color. In the naming task, a color was displayed and the subject was required to give the new color name; immediate feedback was provided. The matching task required subjects to decide whether the sound they heard was the new name for the color displayed on the computer screen. Again, immediate feedback was given. Participants successfully learned the new category names in the course of the training phase, as illustrated in Fig. 2 .
We collected high-resolution structural 3D magnetic resonance imaging (MRI) images from these adult subjects before and after they had acquired the new color names. An established (22) and widely used whole-brain assessment technique (12-14, 23, 24) , voxel-based morphometry (VBM), was used to analyze the MRI anatomical images and determine possible brain structure differences indexed by gray matter volume. The two brain scans (pre-and posttraining) showed a significant difference in the V2/3 (X = −10, Y = −77, Z = 3; P < 0.005 uncorrected; Z = 3.58) and cerebellum (X = 13, Y = −75, Z = −38; P < 0.005 uncorrected; Z = 3.86) (Fig. 3) . The volume of gray matter significantly increased in these regions following the lessthan-2-h training. Because V2/3 is shown to be involved in color perception (25) (26) (27) (28) (29) , a small volume correction (SVC) analysis procedure was applied. We found that the gray matter difference in this region was significant at P < 0.05 with family-wise error corrected (FWE) after the SVC with a 20-mm sphere around a peak activation (X = −16, Y = −64, Z = 9) identified in the literature (26) . Thus, this region survived the whole-brain analysis threshold at P < 0.005 (uncorrected) and the small volume correction with P < 0.05 with FWE corrected.
This result provides information regarding the effect of learning on (i) the rapid formation of new cortical gray matter as a result of experience and (ii) on the function of the brain in processing color stimuli.
When considering the effect of learning on the rapid formation of new cortical gray matter, past research on experienceinduced cortical changes has focused on motor-task learning (1, 2, 12) and on synaptic structures (1, 2). The present study, using a visual fast-mapping task shown to mirror children's rapid To whom correspondence may be addressed. E-mail: paulkay@berkeley.edu or tanlh@ hku.hk.
learning processes (20) , has both extended prior work to another form of learning and memory (30) and shown that cortical changes can be induced in a training period significantly shorter than any previously established. These results may also be considered as providing a structural basis for previously observed functional brain changes (shown by functional MRI) during category learning (of dot patterns) (32) . The time course of cortical changes in gray matter in the human adult brain remains to be established (33) , and the question of how cortical changes at the macroscopic and the synaptic levels are related to each other is still to be answered. Although there is still much to be learned on all of these issues, the present study strengthens the proposition that the intact human adult brain is structurally more plastic than previously believed.
With regard to color perception and processing in particular, previous work has shown that differences between languages in the boundaries of named color categories predictably affect the regions of the hue spectrum at which "categorical perception" occurs, as assessed in a variety of different ways. When speakers of English and of a language (Tarahumara, Uto-Aztecan family, Mexico) that makes no lexical distinction between green and blue were asked to judge relative similarities of color chips in an odd-man-out "triads" format, English-speaking participants were found to exaggerate the perceived distance between colors spanning the green/blue boundary relative to Tarahumara speakers and to perceptual separation measured in just-noticeable differences (34) . Parallel results were found in a study comparing three languages: English, Berinmo (Sepik family, Papua New Guyinea), and Himba (Bantu family, Namibia) (35) In several studies measuring response times in alternative forced-choice tasks (e.g., 34), it has been found that colors spanning a lexical boundary present in one language but not in another are more quickly discriminated in the former language. In studies using visual search (e.g., 36, 37), it has been revealed that target colors that differ in lexical category from a field of distracters are more quickly identified than targets of equal perceptual separation that belong to the same lexical category as the distracters. It has further been established that these and comparable effects in lateralized visual search are mediated by activity in the left hemisphere (in adults, but not in infants or prelinguistic toddlers) (31, 38-41, among others) and probably by specific language areas within the left hemisphere (26) . Comparable results with unfamiliar laboratory-taught color categories have been observed in behavioral studies (21, 42) . The current results may be understood as beginning to provide a structural basis in the brain for the behavioral and neurophysiologically observed indices of these "Whorfian" effects on color processing.
Materials and Methods
Subjects. Nineteen adults, who were Beijing university students (9 males and 10 females), participated in this experiment. They were tested with the Ishihara test for color vision deficiency and found to be normal; none had any history of neurological or psychiatric illness. All participants received training to acquire new names for the four colors ( Fig. 1 A and B) .
Stimuli and Experimental Design. The stimuli were presented on a 19-inch computer screen at a viewing distance of 90 cm. The RGB values of the four colors used in the present study were as follows ( The RGB values for the background were 210, 210, and 210, and the constant CIEL*u*v* value was 84.2, 0, 0. The CIEL*u*v* interpair distances were (G1, G2) = 16.3ΔE, (G2, B1) = 17.5ΔE, and (B1, B2) = 19.5ΔE. The brightness and saturation values were adjusted to make them appear equal on the basis of the independent judgments of four observers. Before the experiment, all subjects were given a blue-green lexical boundary test. On each trial, a square stimulus (one of the four colors, G1, G2, B1, and B2) was presented centrally on a gray background for 200 ms, followed by a 1,000-ms interval. Subjects indicated whether the stimulus was green or blue by pressing one of two keys, corresponding to the Mandarin Chinese words "green" and "blue," respectively. Each stimulus was presented 10 times in a total of 40 randomized trials. All subjects identified over 95% of the presentations of both G1 and G2 as "green" and of both B1 and B2 as "blue," so no subject's results was discarded.
Training Phase for the Experimental Group. Four made-up Chinese monosyllables were assigned to the four stimulus colors: áng for G1, sòng for G2, du an for B1, and k en for B2. They are phonologically unrelated to any other Mandarin words for colors. The training received by the subjects involved five individual sessions, spread over 3 d. Sessions 1 and 2 contained three activities: listening, naming, and matching, each session lasting for 24 min. Sessions 3-5 contained only naming and matching, each session lasting for 20 min. In each trial, one of the stimulus colors was displayed in the center of the screen for 1,000 ms, followed by a blank screen interstimulus interval of 1,000 ms. In the listening task, the sound corresponding to the new color name was presented along with presentation of the colored square. For the naming task, subjects had to report the new color name of the presented colored square, and their recognition performance (percentage correct naming) was recorded. Auditory feedback with the correct color name was given. In the matching task, a randomly chosen color name was presented aurally along with visual presentation of one of the four colored squares. The subjects' task was to judge, by choosing "yes" or "no" on a printed form, whether the sound they heard matched the new name for the displayed color. Immediate feedback was given.
MRI Acquisition. MRI scans were performed on a 3-T scanner (TRIO Tim; Siemens) at Beijing 306 Hospital. Three-dimensional, high-resolution anatomical scans were acquired by using an MPRAGE (magnetization prepared rapid gradient echo) sequence (echo time = 3.01 ms; repetition time = 2,300 ms; flip angle = 9°; 1 NEX scan). A total of 176 coronal T1-weighted images with a field of view of 256 × 240 mm and voxel sizes of 1 × 1 × 1 mm were produced.
VBM Analysis. VBM analysis was performed using the DARTEL in SPM8. Images were bias-corrected, tissue-classified, and registered using linear (12-parameter affine) and nonlinear transformations (warping) within a unified model (43) . Subsequently, analyses were performed on gray matter (GM), which were multiplied by the nonlinear components derived from the normalization matrix to preserve actual GM values locally (modulated GM volumes). Importantly, the segments were not multiplied by the linear components of the registration to account for individual differences in brain orientation, alignment, and global size. Finally, the modulated volumes were smoothed with a Gaussian kernel of 8 mm full width at half maximum.
For the statistical analysis, regional differences in gray matter volume were tested by paired t test. To avoid possible edge effects between different tissue types, we excluded all voxels with GM or white matter values of 0.2 (absolute threshold masking). We applied a threshold of P < 0.005 with an extent of 40 voxels across the whole brain. Brain regions were estimated from Talairach and Tournoux (44) after adjustments for differences between MNI and Talairach coordinates. An SVC (20-mm) analysis procedure was applied to the region (V2/3), previously shown to be involved in color vision (25) (26) (27) (28) (29) , indicating that the gray matter difference in this region was significant at P < 0.05 FWE after the SVC with a 20-mm sphere around a peak activation (X = −16, Y = −64, Z = 9) identified in the literature (26) .
